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ABSTRACT  We previously have shown that a posttranslational modification of a-tubulin takes 
place in the flagellum during Chlamydomonas  flagellar  assembly  (L'Hernault, S. W., and J. L. 
Rosenbaum,  1983, J. Cell Biol., 97:258-263). In this report, we show that the posttranslationally 
modified  a-3  tubulin  is  changed  back  to  its  unmodified  c~-1 precursor  form  during  the 
microtubular disassembly  that takes place during flagellar  resorption. These data indicate that 
the addition and removal of a posttranslational modification on c~-tubulin might be a control 
step in the assembly and disassembly  of flagella. 
Recently, it has been discovered that  the major  Chlamydo- 
monas flagellar a-tubulin, a-3, is a posttranslationally  modi- 
fied form ofa-1, the major a-tubulin residing in the cell body, 
and that this modification is coupled to flagellar assembly (5, 
18-22,  26).  If this modification is a control step in flagellar 
assembly, then one might expect its reversal during flagellar 
disassembly.  Flagellar disassembly accompanies flagellar re- 
sorption in Chlamydomonas,  and previous results suggest that 
the proteins from disassembled flagella appear in the cell body 
during this process (17,  19). As this should permit the study 
of a-tubulin derived from disassembled flagella, we sought to 
ascertain  if a-tubulin posttranslational  modification was re- 
versible  during flagellar resorption.  We found that the post- 
translationally  added moiety on flagellar a-tubulin (a-3) ap- 
pears to be specifically removed during  flagellar resorption. 
An initial report of these results has been presented (20). 
MATERIALS  AND  METHODS 
Materials:  35s0,  (as H235SO4, carrier  free, 43 Ci/mg),  Liquifluor  a and 
Protosol R were purchased from New England Nuclear (Boston, MA) while all 
other materials were as described previously (21). 
Cell Culture and In Vivo  Labeling:  Wild-type Chlamydomonas 
reinhardtii, strain 2 lgr vegetative cells were used in all experiments. Conditions 
of growth in low sulfur minimal medium  I, mechanical  shear deflagellation, 
flagellar length  determination  and  in  vivo  labeling  were  similar  to  those 
previously described (17) with the modifications described below. 
Deflagellated cells, which had been 35S-pulse-chase-labeled  during a flagellar 
regeneration  before  the  induction  of flagellar resorption,  were  used  in  all 
experiments. To perform this type of labeling, we def[agellated cells grown in 
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low sulfur minimal medium (17) and labeled them with 400 uCi/m135S for the 
first  10 min following deflagellation. Cells were pelleted by centrifugation  at 
460  g  (IEC,  PR-6  model  centrifuge,  269  rotor,  1,600 rpm,  Damon/IEC, 
Needham  Heights, MA), washed, repelleted, and resuspended  in a modified 
medium 1 (35). This modified medium  1 lacked KH2PO4, contained  5 mM 
Na~SO4 as a chase, and had a pH of 7.5 (high pH chase medium). After 80 min 
of flagellar regeneration under chase conditions, cycloheximide (10 ug/ml) was 
added and the cells were divided into two equal aliquots.  The aliquot  under 
control conditions received HEPES buffer (oH 7.5 with NaOH, final medium 
concentration  15  mM HEPES), while flagellar resorption  was induced in the 
cells of the other aliquot  by the addition  of sodium pyrophosphate  (pH 7.5 
with HCI, final medium concentration,  15 mM sodium pyrophosphate). A pH 
of 7.5, rather than  the  previously  reported  pH 6.8  (17), was used  in these 
experiments because it was found that flagellar resorption  was more uniform 
at this pH. HEPES was chosen as the control buffer because, unlike phosphate 
buffers, it did not cause detectable flagellar shortening. Under these conditions, 
pyrophosphate  induces  complete  flagellar resorption  in  ~90  rain,  while the 
cells under control  conditions  (HEPES buffer addition)  maintain  full-length 
flagella. After completion  of flagellar resorption,  aliquots of cells under both 
control and resorption inducing conditions were pelleted by centrifugation (460 
g, as above), washed once with high pH chase medium containing  cyclohexi- 
mide (10 ug/ml), and repelleted. 
Sample  Preparation  and  Two-dimensional  Electrophore- 
sis:  Cells  were deflageUated with dibucaine and fractionated into cell bodies 
and flagella as described  previously (21, 44,  46), except  in  in  vivo labeling 
experiments  in which  flagella were pelleted by cenlrifugation  at  146,000 g 
(Spinco model L2-65b ultracentrifuge, 50 Ti type rotor, 47,000 rpm, Beckman 
Instruments Inc., Palo Alto, CA) for 30 rain to ensure that even short flagella 
would pellet (30). Electrophoretic  comparisons of total  cellular protein  were 
performed on two-dimensional (2-D) t gels  that had been loaded with an equal 
~Abbreviations  used  in  this  paper.  2-D,  two-dimensional; TCA, 
trichtoroacetic acid. 
457 number of counts per minute of radioactive protein. Cell  counts were taken 
just before 2-D gel sample preparation. Equivalent numbers of cells were found 
to contain the same amount of radioactivity (data not shown). Cellular frac- 
tionations were performed on equal numbers of cells  and the resulting cell 
bodies and flagella  were compared by electrophoresis. Cells,  cell  bodies, and 
flagella  were prepared for 2-D electrophoresis, electrophoresed, stained (21), 
and autoradiographed (17) as described previously. 
Gel Quantitation:  All  gels  were co-electrophoresed  with  25  /~g of 
nonradioactive  Chlamydomonas flagellar  axonemes (prepared  as  described 
[21]),  fixed,  stained,  and  autoradiographed  (as above).  Radioactive  tubulin 
regions of 2-D gels were located by co-migration with Coomassie Blue-stained 
nonradioactive flagellar protein standards and alignment with autoradiographs. 
In the case of a-3 tubulin, the major 2-D gel spot commonly had a smaller spot 
closely  apposed to  its acidic  side.  This closely  apposed spot is artifactually 
modified from the polypeptide that is in the major spot (data not shown), so 
each major and modified spot were treated as a single entity. Radioactive gel 
regions were excised from dried gels with a  scalpel,  placed in a  scintillation 
counting vial, and rehydrated with 100 ul of water. The reswollen gel was then 
digested with 0.5  ml of Protosol  R in a  tightly sealed vial  at  55"C  for 24  h. 
Samples were cooled to room temperature,  l0 ml of Liquiflour  R was added, 
and liquid scintillation counting was performed. 
RESULTS 
The purpose of the present study was to monitor changes in 
tubulin and other proteins derived from flagella as they ap- 
peared in the cell body during flagellar resorption. The main 
difficulty with this type of analysis is that Chlamydomonas 
flagellar proteins exist not only assembled within flagella but 
also in an unassembled cytoplasmic precursor pool (17,  3 l). 
Consequently, after the completion of flagellar resorption, the 
cell body contains flagellar proteins derived from both disas- 
sembled flagella and the flagellar  precursor pool. To distin- 
guish between these two groups of proteins, we prepared cells 
that  had  aSS-labeled flagella  with  minimal  labeling  of the 
flagellar precursor pool proteins. This was achieved by pulse- 
chase labeling deflagellated cells during a flagellar regeneration 
that preceded the induction of flagellar resorption. The char- 
acteristics of this labeling method will  be described before 
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FIGURE  1  Incorporation  of 35S into Chlamydomonas  TCA-precip- 
itable protein.  Deflagellated cells were pulse-labeled with 3sS (open 
circles); after 10 min of labeling, most of the cells were pelleted by 
centrifugation, resuspended under chase conditions (solid squares), 
and allowed to incubate for an additional for 80 min (see  Materials 
and Methods).  Cycloheximide (C) was then added to these pulse- 
chase-labeled cells and they were divided into two aliquots that 
were either induced to resorb their flagella (R) (dashed line con- 
necting solid circles) or placed  under nonresorbing control condi- 
tions  (RC) (solid  line connecting open squares). Means  of two 
determinations  are plotted and the differences between resorb and 
resorb control samples are not significant. Cartoons depict flagellar 
lengths  on  cells  at  points  indicated by the arrows.  Arrows  also 
indicate times at which aliquots were prepared for 2-D electropho- 
resis. P, end of pulse-labeling  and the beginning  of chase conditions; 
C, addition of cycloheximide to pulse-chase-labeled cells; R and 
RC, end of the time interval required for flagellar resorption (R) and 
its control (RC). 
Kinetics of Pulse-chase Labeling during 
Flagellar Regeneration 
Incorporation  of label  into  trichloroacetic acid  (TCA)- 
precipitable protein  began  when  cells  were  placed  in  35S- 
containing medium shortly after deflagellation and continued 
to occur in a linear fashion for at least 90 min (Fig.  1, open 
circles). If pulse-labeled cells are washed out of aSS-containing 
media after 10 min of labeling (Fig. l, arrow at P) and placed 
under chase conditions (see Materials and Methods), no sig- 
nificant additional  35S incorporation into TCA-precipitable 
protein  occurs  (Fig.  1,  solid  squares).  These  pulse-chase- 
labeled cells have regenerated full-length flagella by 90 min 
(arrow at C, Fig.  l) and were subsequently used in flagellar 
resorption experiments. Even though net incorporation of 35S 
into TCA-precipitable protein was prevented during the chase 
(Fig.  1, solid squares),  flagellar  resorption experiments were 
performed in the presence of cycloheximide (added at arrow 
at C, Fig.  l) to ensure that labeling did not occur from 35S 
turnover during the required time interval (Fig.  l, solid cir- 
cles). A quantity of cells equal to that in which resorption was 
induced served as a control (Fig.  1, open squares).  Medium 
in  which  control  cells  were  placed  was  of similar  ionic 
strength, identical pH, and contained cycloheximide, but did 
not induce flagellar  resorption. Comparison of this control 
(Fig. 1, open squares) to cells that were resorbing their flagella 
(Fig.  1,  solid  circles)  reveals that  the  net  levels  of TCA- 
precipitable 35S-labeled proteins are similar under these two 
conditions. 
Monitoring of Flagellar Length during In 
Vivo Labeling 
Flagellar regeneration during pulse-chase labeling follows 
the deceleratory kinetics (Fig. 2, open circles) that have been 
described previously (17,  31). At 90 min, when flagella were 
nearly  full-length,  cells  were  either  placed  under  flagellar 
resorption conditions (Fig. 2, solid circles) or control condi- 
tions (Fig. 2, open squares).  Cells under resorption-inducing 
conditions rapidly shortened their flagella so that they were 
flagellaless  (by phase-contrast optics) after 90  min  (Fig.  2, 
solid circles). No significant change in flagellar length occurs 
in cells maintained under control conditions for 90 min (Fig. 
2, open squares). 
Electrophoretic Analysis 
Samples were prepared for electrophoretic analysis after 90 
and 180 min, as indicated in Fig.  I. Cells that had completed 
pulse-chase labeling (arrow under C, Fig. l) and cells that had 
resorbed their flagella  or were a  control for this condition 
(arrows under RC and R, Fig.  l) were analyzed and autora- 
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FIGURE  ~)  Flagellar regeneration and resorption kinetics.  Deflagel- 
lated  cells  were  permitted  to  regenerate  flagella  (open  circles) 
during pulse-chase  3SS-labeling (as  in Fig. 1). Cycloheximide was 
added  at the  indicated time (arrow)  when aliquots of cells  were 
either placed  under control (open squares) or flagellar  resorption 
(solid circles) conditions. The solid square on the ordinate indicates 
the flagellar  length before deflagellation. 
diographs of the resulting 2-D gels appear in Fig. 3. We have 
analyzed the entire cell (Fig. 3, a, d, and g) and cells fraction- 
ated into cell bodies (Fig. 3, b, e, and h) and flagella (Fig. 3, 
c, f, and i). While the principal purpose of this study was the 
analysis of tubulin, we have also studied the distribution of 
three  other  proteins  (Fig.  3,  arrows  and arrowheads) that 
illustrate how  proteins  can  be  compartmentalized and/or 
metabolized during flagellar resorption. 
2-D electrophoretic analysis of whole cells that have been 
35S-pulse-chase labeled during flagellar regeneration reveals 
that they contain substantial labeled tubulin (Fig. 3 a). The 
principal a-tubulin observed under these conditions was a-3, 
which has previously been shown to be the principal flagellar 
a-tubulin (l 8-22, 26). When pulse-chase  labeled cells (as in 
Fig.  3a)  were  fractionated into  cell  bodies (Fig.  3b)  and 
flagella  (Fig.  3c),  most of the  tubulin partitions with the 
flagella. A  further indication of the  specificity  of flageUar 
labeling  is  obtained by analyzing another flagellar protein. 
This flagellar  protein  (arrows,  Fig.  3,  a,  b,  and c),  unlike 
tubulin, has insignificant cytoplasmic precursor pool labeling 
under these conditions (22) and the labeled polypeptide par- 
titions specifically  with flagella following cell  fractionation 
(compare Fig.  3,  b and c).  These results  indicate that our 
labeling conditions differentially label flagellar proteins but, 
in the case of tubulin, some cytoplasmic precursor labeling is 
unavoidable. This level of precursor labeling was sufficiently 
low to permit the analysis of labeled proteins derived from 
resorbed flagella after their appearance in the cell body (see 
below). 
Control cells, which have nonresorbing full-length flagella 
(Fig.  3d),  have a  2-D  gel  autoradiographic pattern that is 
highly similar to pulse-chase-labeled cells (Fig. 3 a), even after 
a  90-min incubation in cycloheximide-containing medium. 
Although one polypeptide does disappear from whole cells 
(double arrowhead  in  Fig.  3d;  compare to  Fig.  3a)  most 
proteins appear to be stable under these control conditions. 
Fractionation of control cells into cell bodies (Fig. 3e) and 
flagella (Fig. 3f) indicates that both ~-3 tubulin and at least 
one other flagellar protein (arrows, Fig. 3, e and f) partition 
principally with flagella. This demonstrates that the differen- 
tial flagellar labeling attained by pulse-chase labeling (Fig. 3, 
b  and c)  is  minimally changed after 90  min  under these 
control conditions (Fig. 3, e and f); flagellar length does not 
change appreciably under these control conditions (see Fig. 
2). 
Cells that have resorbed their flagella (Fig. 3g) have a 2-D 
gel  autoradiographic pattern that is  similar to both  pulse- 
chase-labeled (Fig. 3 a) and control cells (Fig. 3 d). While one 
protein does disappear from cells that have resorbed  their 
flagella (single arrowhead, Fig. 3g;, compare with Fig. 3, a and 
d), the protein that disappeared from control cells remains 
unchanged by flagellar  resorption (compare double arrow- 
heads in Fig. 3, a, d, and g). Cells that have resorbed  their 
flagella (Fig. 3g) do differ dramatically from control cells (Fig. 
3 d) in their ~-tubulin. While the a-3 tubulin, which is prom- 
inently labeled in pulse-chase-labeled cells (Fig. 3 a), remains 
unaltered by control conditions (Fig. 3 d), it is greatly dimin- 
ished  in  cells  that  have  resorbed  their  flagella  (Fig.  3g). 
Although these resorption conditions result in cells that do 
not have flagella when viewed by phase-contrast microscopy, 
small flagellar stubs actually remain on these cells. Fraction- 
ation of these cells that have resorbed their flagella into cell 
bodies (Fig. 3 h) and short flagella (Fig. 3 i) indicates that most 
of the tubulin, as well as the other flagellar polypeptide which 
we have analyzed (arrow, Fig. 3, h and i), partition with the 
cell body. This indicates that flagellar polypeptides,  derived 
from disassembled  flagella, actually appear in the cell body 
during flagellar resorption. The loss of a-3 tubulin from cells 
that have resorbed their flagella seemed to be associated with 
a rise in the amount of a- 1 tubulin (compare Fig. 3, d and g). 
This rise in a-1  tubulin associated  with flagellar resorption, 
which  was  especially  apparent  in  shorter autoradiographic 
exposures  (data not shown), was demonstrated by quantitat- 
ing the tubulin present in 2-D gels (see Materials and Meth- 
ods). These data (Table I) indicate that flagellar resorption is 
associated with a substantial increase in a-1 tubulin concom- 
itant with a decrease in a-3 tubulin. 
The changes in ~-1  and a-3 tubulin abundance that are 
associated with flagellar resorption are in striking contrast to 
the  behavior  of #-tubulin  in  these  experiments.  Total  ~- 
tubulin is present in equimolar quantities with/3-tubulin in 
many cell types (e.g., 7, 24), including Chlamydomonas (data 
not shown),  and any nonspecific change in a-tubulin (e.g., 
proteolysis) would probably also occur in/3-tubulin. We find 
that  abundance  of 13-tubulin does  not  change  under  our 
experimental conditions (Table I); the elevated levels of 35S 
that are incorporated into B-tubulin relative to a-tubulin are 
probably due to more abundant methionine plus cysteine (16, 
23, 28, 38, 39, 43). In summary, these results indicate that a- 
3  tubulin,  which  is  posttranslationally modified from  a-I 
tubulin during flagellar assembly (18-22, 26), is changed back 
to a-1 tubulin during flagellar resorption. 
DISCUSSION 
Recently, we determined that Chlamydomonas c~-tubulin is 
posttranslationally modified by acetylation on  the  epsilon 
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Data 
Counts per minute 
Pulse-chase labeling 
Control conditions for flagellar 
resorption 
Average- 
a-1  a-3 
6,414  10,181  20,481 
6,414  10,000  20,999 
Average-  6,414  10,090  20,740 
39%  61% 
Average Total a-Tubulin--16,504 
a-1  a-3  fl 
7,545  10,084  20,337 
7,425  9,422  19,158 
7,485  9,753  19,748 
43%  57% 
Average Total ot-Tubulin--17,238 
a-1  ~x-3 
10,409  5,199  19,230 
10,722  5,523  20,012 
Average-  10,566  5,361  19,621 
66%  34% 
Average Total a-Tubulin--15,927 
a-1  o~-3 
10,566  5,361 
7,485  9,753 




Representative  quantitation of a- and ~-tubulin after 3sS pulse-chase labeling, 
flagellar  resorption, or control conditions for flagellar  resorption. Two gels of 
each sample were run, and each gel was electrophoresed with 1 x  10  6 cpm 
of cellular protein derived from ~5.3 x  10  s whole cells (as in Fig. 3, a, d, and 
g) and  quantitated as described in Materials  and  Methods. Percentages are 
of total a-tubulin for that sample. 
amino group of a  lysine(s)  during flagellar  assembly (22a). 
The present study indicates that this acetyl group is removed 
from a-tubulin during flagellar resorption, and, together with 
previous results (l 8-22, 26), these data allow an overall inter- 
pretation of the relationship of t~-tubulin  acetylation to the 
assembly/disassembly of flagellar axonemes. Flagellar ampu- 
tation causes the movement of a-1 tubulin and its acetylase 
from their cell  body storage site into the flagella.  Both a-1 
tubulin and the acetylase migrate through the flagellar matrix 
fraction (the proteins between the membrane and axoneme 
[2 l, 44]) toward the flagellar tip, which is the site ofaxonemal 
assembly (2, 4,  12, 32, 45).  At a point either just before or 
after its addition to the growing axoneme, the acetylase cata- 
lyzes the posttranslational modification of a- 1 to a-3 tubulin. 
Although the axoneme does contain a small amount of a-l 
tubulin (~20%), analysis of mutants (1) and selective axone- 
mal microtubule solubilization shows that this a-1 tubulin is 
found in all three types ofaxonemal microtubules (L'Hernault 
and Rosenbaum, unpublished observations). The process of 
acetylation is reversed when the flagellar axoneme begins to 
disassemble during flagellar resorption. This, apparently, oc- 
curs from the  flagellar  tip since the  continuity of flagellar 
microtubules with the basal  body is not lost during flagellar 
resorption (19). A deacetylating enzyme presumably removes 
the acetyl group from a-3 tubulin-containing dimer during 
axonemal disassembly. At present, we are not certain whether 
deacetylation occurs before or at the time the a-tubulin enters 
the cell body. Nonetheless, tubulin derived from axonemes 
does accumulate within the cell body during flagellar resorp- 
tion. 
Posttranslational modification of tubulin has been dem- 
onstrated  in  various  organisms,  and  previously identified 
types of modification include phosphorylation, tyrosinolation 
(reviewed in references 27 and 47), and acetylation (22, 22a). 
There is no evidence for either a functional role or subcellular 
localization of phosphorylated tubulin. Tyrosinolation of ct- 
tubulin, which occurs in a large number of organisms, has 
been suggested  to influence the assembly/disassembly of tu- 
bulin (reviewed in reference 42). While most efforts to localize 
tyrosinolated tubulin to specific organelles or cellular regions 
have yielded equivocal results, there is one case (Trypanosoma 
rhodesiense) where tyrosinolated a-tubulin is known to occur 
only within flagella (11). To date, acetylation of ~-tubulin has 
been demonstrated only in Chlamydomonas. However, Crith- 
idia (33, 34) and Polytomella  (26) both exhibit flagellar assem- 
bly-dependent a-tubulin posttranslational modifications that 
are remarkably similar to Chlamydomonas. Perhaps further 
analysis of these organisms will demonstrate that they have 
acetylated c~-tnbulin. 
While  the  occurrence of in  vivo  protein  acetylation is 
widespread, the functional implications of these posttransla- 
tional modifications are not yet known (47). The reversibility 
of Chlamydomonas ~-tubulin acetylation, which occurs dur- 
ing flagellar  resorption, suggests  that  this  posttranslational 
modification has an important function in the assembly of 
axonemal tubulin.  It is also possible that acetylation of a- 
tubulin might permit the binding of accessory flagellar  pro- 
teins,  such  as  dynein,  nexin,  or radial  spokes,  to  flagellar 
microtubules.  It might  be involved in  the  specification of 
FIGURE 3  2-D electrophoresis of 3SS-labeled Chlamydomonas proteins.  Cells were pulse-chase-labeled during flagellar regener- 
ation and either prepared for electrophoresis immediately (a) or subjected to electrophoresis after remaining under control (d) 
or flagellar resorption (g) conditions (see Fig. 1 and Results). Aliquots of these same cells (as in a, d, and g) were fractionated into 
cell bodies (CB) and flagella (F) and the 2-D gels of these fractions of each cell population appear  in the right half of the figure. 
Each 2-D gel of total cellular protein (a, d, and g) was loaded with 1 x  106 cprn 3SS-labeled protein derived from approximately 
5.3 x  10  s cells.  Equal numbers of 3sS pulse-chase-labeled, control, and resorbed  cells were fractionated into cell bodies and 
flagella. All flagella or cell body protein pellets were resuspended  in equal volumes of lysis buffer. An equal aliquot of each cell 
body  or  flagellar  sample  (which,  presumably,  contained  equal  numbers  of  cell  bodies  or  flagella)  was  subjected  to  2-D 
electrophoresis.  These  equal  aliquots  do  not  contain  equal  amounts  of  radioactive  protein  because  flagellar  resorption  is 
associated with the appearance  of radioactive flagellar  proteins in the cell body (see Fig. 1 and Results). 2-D gel Ioadings of cell 
fractions,  in terms  of counts per minute (cpm) were 9.6 x  10  s (b and e), 4 x  104 (c and f), 9.9 x  10  s (h), and 1 x  104 (i). All 
samples were co-electrophoresed with 25 ~.g of nonradioactive Chlamydomonas axonemes and resulting 2-D gels were dried and 
autoradiographed for 24 h; only a portion of each autoradiograph is shown in this figure. (Arrow) A flagellar protein that does not 
appear to have a significant cytoplasmic pool. (Arrowhead) A nonflagellar protein that specifically disappears from cells that have 
resorbed  their flagella.  (Double  arrowhead)  A  nonflagellar protein  whose disappearance  is  inhibited  by  flagellar  resorption 
conditions. 
L'HERNAULT AND ROSENBAUM  PosttranslationalModificationofa-Tubulin  461 tubulin polymerization into outer doublet microtubules.  Al- 
ternatively, acetylation might release tubulin from conditions 
that restrict its assembly,  such as the binding of a polymeri- 
zation-limiting protein analogous to the actin-binding protein 
profilin (8, 40, 41; see review in reference  15). 
Another possibility is that a-tubulin acetylation might allow 
the use of a common tubulin for more than one microtubular 
structure. Chlamydomonas contains at least four other micro- 
tubular structures  (cytoplasmic  microtubules,  mitotic  appa- 
ratus,  basal  bodies,  and  cleavage  furrow  microtubules)  in 
addition to flagella (9,  10,  13,  14, 29,  32) but contains only 
two a- and two/~-tubulin genes (6, 36, 37). Additional func- 
tional diversity could be obtained by posttranslational modi- 
fication.  For  example,  in  the  related  alga  Polytomella,  a- 
tubulin  in  the  cytoplasmic  microtubules  is principally  a-l, 
while axonemes contain mainly a-3 tubulin (25) and evidence 
indicates that a-1  tubulin is a precursor to a-3 tubulin (26). 
Flagella are resorbed by Chlamydornonas before the elabora- 
tion  of several  different  types  of nonflagellar  microtubules 
associated with mitosis and division (9,  10,  14, 29). Since the 
biophysical characteristics of flagellar and nonflagellar micro- 
tubules are quite  different  (3),  a  reversible posttranslational 
modification  might  confer the  necessary  biophysical  differ- 
ences on a common gene product and permit its use in several 
different Chlamydomonas microtubular structures. 
We would like to thank Drs. Ellen Baker, Ted Clark, Paul A. Lefebvre, 
Greg May, Timothy McKeithan, David Mitchell, Jeffrey Schloss, and 
Raymond Stephens  for stimulating  dicussions  and  helpful sugges- 
tions. 
This work was supported by U. S. Public Health Service (US PHS) 
grant GM  14642 to Dr. J. L. Rosenbaum and Dr. S. W. L'Hernault 
was a predoctoral trainee on USPHS grant GM 07223. 
This paper is taken from a dissertation submitted to fulfill in part 
the requirements for the degree Doctor of Philosophy at Yale Uni- 
versity. 
Received  for publication 6 July 1984, and in revised  form 22 October 
1984. 
REFERENCES 
I.  Adams,  O.  M.  W.,  B.  Huang,  G.  Piperuo,  and  D.  J.  L.  Luck.  1981.  Central  pair 
mierotubular complex of Chlamydomonas flagella: polypeptide composition as revealed 
by analysis of mutants. J. Cell Biol.  91:69-76. 
2.  Allen,  C.,  and  G.  G.  Borisy.  1974..  Structural  polarity  and  directional  growth  of 
microtubules of Chlamydomonas flagella. J. Mol. Biol. 90:1381-1402. 
3.  Behnke, O., and A. Forer.  1967. Evidence for four classes of microtubules in individual 
cells. J. Cell Sci. 2:169-192. 
4.  Binder,  L.  1.,  W.  L.  Dentler, and J.  L. Rosenbaum.  1975.  Assembly  of chick brain 
tubulin onto flagellar microtubules from Chlamydomonas and sea urchin sperm. Pro,:. 
Natl. Acad Sci. USA. 72:1122-1126. 
5.  Brunke,  K.  J., P. S.  Collis,  and  D.  P. Weeks.  1982.  Post-translational  modification 
dependent on organelle assembly. Nature (Lond.). 297:316-318. 
6.  Brunke,  K. J., E. E. Young,  B.  U.  Buchbinder,  and D. P.  Weeks.  1982. Coordinate 
regulation  of the four tubulin genes of Chlamydomonas reinhardtii. Nud. Acids Res. 
10:1295-1310. 
7.  Bryan,  J., and L. Wilson.  1971. Are cytoplasmic mierotubules heterupolymers?  Proc. 
Natl. Acad. Sci. USA. 68:1762-1766. 
8.  Carlsson,  L.,  L.-E.  Nystrum,  l.  Sundvist,  F.  Markey, and  U.  Lindberg.  1977.  Actin 
polymerizability is influenced by prufilin,  a low molecular weight protein in nonmuscle 
cells. J. Mol. BioL  115:465-483. 
9.  Cavalier-Smith, T.  1974. Basal  body and flagellar  development during the vegetative 
cell cycle of Chlamydomonas reinhardii. J. Cell Sci.  16:529-556. 
10.  Coss, R. A.  1974. Mitosis in Chlamydomonas reinhardtii basal bodies and the mitotic 
apparatus.  J. Cell Biol. 63:325-329. 
I 1.  Cumming, R., and J. winiamson.  1984. Differential labeling of trypanosome mierotu- 
hules using tubulin subunit monoclonal antibodies. Cell Biol.  Int. Rep. 8:2. (Abstr.) 
12.  Dentler, W.  L., and J. L.  Rosenbaum.  1977.  Flagellar  elongation  and shortening in 
Chlamydomonas. IlL Structures  attached to the tips of flagellar mierotubules and their 
relationship  to the directionality of flagellar microtubule assembly. J. Cell Biol.  74:747- 
759. 
13.  Gould, R. R.  1975. The basal bodies of Chlamydomonas reinhardtii.  Formation from 
probasal bodies, isolation,  and partial characterization..L  Cell Biol. 65:65-74. 
14.  Johnson,  U. G., and K. R. Porter.  1968. Fine structure of ceil division in Chlamydo- 
monas reinhardi. Basal bodies and microtubules. Z  Cell Biol. 38:403-425. 
15.  Korn, E. D. 1982. Actin polymerization and its regulation by proteins from nonmuscle 
cells. Physiol. Rev. 62:672-737. 
16.  Krauhs, E., M. Little,  T. Kempf, R. Hofer-Warhinek, W. Are, and H. Ponstingl.  1981. 
Complete amino acid sequence of B-tubulin  from porcine brain. Proc. NatL Acad.  Sci. 
USA. 78:4156-4160. 
17.  Lefehvre, P. A., S. A. Nordstrom, J. E. Moulder, and J. L. Rosenbaum.  1978. Flagellar 
elongation and shortening in Chlamdomonas.  IV. Effect  of flagellar  detachment,  re- 
generation, and resorption on the induction of flagellar  protein synthesis.  Z  Cell Biol. 
78:8-27. 
18.  Lefebvre, P. A., C. D. Silflow,  E.  D. Wieben, and J. L. Resenbaum.  1980. Increased 
levels of mRNA for tubulin and other flagellar proteins after amputation or shortening 
of Chlamydomonas flagella. Cell. 20:469--477. 
19.  Lefebvre, P. A.  1980. The control  of flagellar  protein  synthesis in Chlamydomonas. 
Ph.D. thesis.  Yale University. 
20.  L'Hernault, S. W., and J. L. Roscnbaum.  1982. Reversible post-translational  modifica- 
tion of a-tubulin is coupled to flagellar assembly and disassembly in Chlamydomonas. 
,L CellBiol. 95(2,  pt. 2):342a.  (Abstr.) 
21.  L'Hernault, S. W., and J. L. Rosenbaum.  1983. Chlamydomonas a-tubulin is posttran- 
slationally  modified in the flagella during flagellar assembly. Z  Cell Biol. 97:258-263. 
22.  L'Hernault, S. W.  1984.  Identification and control of a reversible  alpha tubulin post- 
translational modification in Chlamydomonas.  Ph.D. thesis.  Yale University. 
22a.L'Hernault, S. W., and J. L. Rosenbaum. 1985. Chlamydomonas a tubulin is posttransla- 
tionally  modified by acetylation on the epsilon-amino group of a lysine.  Biochemistry. 
In press. 
23.  Luduena, R. F., and D. O. Woodward.  1973. Isolation and partial characterization of 
a- and &tubulin from outer doublets of sea urchin sperm and microtubules of chick- 
embryo brain. Proc. Natl. Acad. Sci.  USA. 70:3594-3598. 
24.  Luduena, R. F., E. M. Shooter,  and L. Wilson.  1977. Structure of the tuhulin dimer..L 
Biol. Chem. 252:7006-7014. 
25.  McKeithao,  T.  W.,  and  J.  L.  Rosenbaum.  1981.  Multiple  forms of tubulin  in  the 
cytoskeletal  and ftagellar  microtubules ofPolytomella. ,L Cell Biol. 91:352-360. 
26.  McKeithan, T. W., P. A. Lefebvre, C. D. Silflow, and J. L. Rosenbaum.  1983. Multiple 
forms of tubulin  in  Polytomella  and  Chlamydomonas:  evidence for a  precursor  of 
flagellar a-tubulin. J. Cell Biol. 96:1056-1063. 
27.  MeKeithan, T. W., and J. L. Rosenbaum.  1984. The biochemistry of microtubules. In 
Cell  and Muscle Motility.  J. W. Shay, editor.  Plenum  Publishing Corp.,  New York. 
5:255-288. 
28.  Ponstigl,  H., E. Krauhs, M. Little,  and T. Kempf. 198 I. Complete amino acid sequences 
of a-tubulin from porcine brain. Proc. Natl. Acad. Sci.  USA. 78:2757-2761. 
29.  Randall, J., T, Cavalier-Smith, A. McVittie, M. Wart, and J. Hopkins.  1967. Develop- 
mental  and  control  processes  in  the  basal  bodies and  flagella  of Chlamydomonas 
reinhardtii. Dev. Biol. (Suppl.)  1:43-83. 
30.  Remillard,  S.  P., and G.  B.  Witman.  1982. Synthesis,  transport,  and  utilization  of 
specific flagellar  proteins during flagellar  regeneration in Chlamydomonas.  J. Cell Biol. 
93:615-631. 
31.  Rosenbaum,  J.  L., J.  E.  Moulder,  and D. L. Ringo.  1969.  Flagellar  elongation  and 
shortening in Chlamydomonas:  the use of cycloheximide and colchicine to study the 
synthesis and assembly of tlagellar proteins. J. Cell Biol. 41:600-619. 
32.  Rosenbaum, J. L., L. L Binder, S. Granett, W. L  Dentler, W. Snell, R. Sloboda,  and L. 
Haimo. 1975. Directionality and rate of assembly of chick brain tubulin onto pieces of 
neuotubules,  flagellar axonemes and basal bodies. Ann. N.Y. Acad. Sci. 253:147-177. 
33.  Russel,  D. G., D. Miller, and K. Gull.  1984. Tubulin heterogeneity in the trypanosome 
Crithidia fasciculata.  Mol. Cell. Biol. 4:779-790. 
34.  Russel,  D. G., and K. Gull.  1984. Flagellar  regeneration of the trypanosome Crithidia 
fasciculata  involves posttranslational  modification of cytoplasmic alpha tubulin.  Mol. 
Cell. Biol. 4:1182-1185. 
35.  Sager,  R., and S. Granick.  1953.  Nutritional studies with Chlamydomonas reinhardi. 
Ann. N.Y. Acad. Sci. 56:831-838. 
36.  Silfiow,  C.  D.,  and  J.  L.  Rosenbaum.  1981.  Multiple  ~-  and  ~-tubulin  genes  in 
Chlamydomonas and ~gulation oftubulin mRNA levels after deflagellation.  Cell. 24:81- 
88. 
37.  Silflow, C. D., P. A. Lefebvre, T. W. McKeithan, J. A. Schloss,  L. R. Keller,  and J. L. 
Rosenbaum.  1982. Expression of fiagellar protein genes during flagellar  regeneration in 
Chlamydomonas.  Cold Spring Harbor Syrup. Quant. Biol. 46:157-169. 
38.  Stepbens,  R.  E.  1978~ Primary structural  differences among tubulin  subunits  from 
flagella, cilia and the cytoplasm. Biochemistry.  17:2882-2891. 
39.  Stephens,  R. E.  1981. Chemical differences distinguish ciliary membrane and axonemal 
tubulins. Biochemistry.  20:4716.-4723. 
40.  Tilney, L. G. 1976. The polymerization ofactin. II. How nonfilamentous actin becomes 
nonrandomly  distributed  in  sperm:  evidence for  the  association  of this  actin  with 
membranes. J. Cell Biol. 69:51-72. 
41.  Tilney, L. G., E. M. Bonder, L. M. Coluccio,  and M. S. Mooseker.  1983. Actin from 
Thyone sperm assembles only on one end of an actin filament: a behavior regulated by 
profilin.  J. Cell Biol. 97:112-124. 
42.  Thompson, W. C. 1982. The cyclic tyrosination/detyrosination of alpha-tubulin.  Meth- 
ods Cell Biol. 24:235-255. 
43.  Valenzuela,  P., M. Quiroga, J. Zaldivar, W. J. Rutter,  M. W. Kirschner, and  D. W. 
Cleveland.  1981. Nucleotide and corresponding amino acid sequences encoded by a- 
and ~-tubulin mRNAs. Nature (Lond.).  289:650-655. 
44.  Witman, G. B., K. Carlson, J. Bcrliner,  and J. L. Rosenbaum.  1972. Chlamydomonas 
flagella.  I. Isolation and electrophoretic  analysis of microtubules, matrix, membranes, 
and mastigonemes. J. Cell Biol. 54:507-539. 
45.  Witman, G. B.  1975. The site of in vivo assembly of flagellar  microtubules. Ann.  N.Y. 
Acad. Sci. 253:178-191. 
46.  Witman, G. B., J. Plummer, and G. Sander.  1978. Chlamydomonas flagellar  mutants 
lacking radial spokes and central tubules: structure, composition, and function of specific 
axonemal components. J. Cell Biol. 76:729-747. 
47.  Wold, F.  1981. In vivo chemical modification of proteins (post-translational  modifica- 
tion). Annu. Rev. Biochem.  50:783-814. 
462  THE  JOURNAL OF  CELL BIOLOGY • VOLUME  100,  1985 